Electrophoretic assays of intrinsic DNA shape and shape changes induced by ligand binding are extremely useful because of their convenience and simplicity. The development of calibrations and empirical quantitative relationships permits highly accurate measurement of DNA shape using electrophoresis. Many conventional analyses employ the unidirectional ligation of short DNA duplexes. However, many oligonucleotides (typically more than 20) must often be synthesized for a single experiment. Additionally, the length of the DNA duplex can become limiting, preventing the analysis of certain DNA sequences. We now describe a semi-synthetic electrophoretic phasing method that offers several advantages, including a reduced number of required synthetic oligonucleotides, the ability to analyze longer DNA duplexes and a simplified approach for data analysis. We characterize semi-synthetic DNA probes in electrophoretic phasing assays by ligation of synthetic duplexes containing A 5 tracts between two longer restriction fragments. Upon electrophoresis, the gel mobility is strongly correlated with the predicted DNA curvature provided by the reference A 5 tracts. Having obtained this calibration, we show that the semi-synthetic phasing assay can be readily and economically applied to analyze DNA curvature induced by DNA charge modifications and DNA bending due to peptide binding.
INTRODUCTION
The physical basis for both intrinsic DNA curvature and for curvature induced by proteins and chemical modifications is under intense study. DNA curvature and bending are analyzed using a number of methods. X-ray diffraction and NMR spectroscopy provide high resolution, but require large amounts of material. Spectroscopic tools such as FRET (1), LRET (2), TEB (3) and ultracentrifugation are also employed, but require expensive instrumentation. Enzyme-mediated cyclization (4, 5) and differential protein binding to preformed DNA minicircles (6) (7) (8) have been used with small quantities of radiolabeled DNA.
Gel-based electrophoretic assays of DNA shape have also been extremely important because of their convenience and simplicity. Such methods include circular permutation assays, phasing assays and ligation ladder experiments (9) . A rigorous physical theory of native gel electrophoresis through media such as polyacrylamide or agarose has not been developed. However, insightful calibrations and empirical quantitative relationships have allowed highly accurate measurement of DNA shape with electrophoresis.
Conventional 'comparative electrophoresis' analyses often employ the unidirectional ligation of short DNA duplexes (reviewed in 9). Duplexes constituting integral numbers of helical turns of DNA are chosen to contain variable spacer regions and intrinsically curved A 5-6 tract sequences, so that the resulting ligation products allow the estimation of DNA bend angles following electrophoresis (9, 10) . Several duplex lengths are first studied to verify helical repeat parameters. Although useful and highly refined, this approach suffers from the requirement that a large number of oligonucleotides (typically more than 20) be synthesized for a single experiment to analyze properly DNA curvature in a particular sequence context (9, 11, 12) . The length of the DNA duplex can become limiting, preventing the analysis of certain DNA sequences. We now describe a semi-synthetic electrophoretic phasing method that offers several advantages, including a reduced number of required synthetic oligonucleotides and a simpler approach for data analysis.
We first characterize semi-synthetic DNA probes in phasing assays by ligation of synthetic duplexes containing intrinsically curved DNA sequences between two longer probe arms prepared by recombinant techniques. Upon electrophoresis, the apparent gel mobility is correlated with the predicted DNA curvature provided by reference A 5 tracts. Having obtained this calibration, we show that the semi-synthetic phasing assay is readily and economically applied to analyze DNA curvature induced by DNA charge modifications and DNA bending induced by proteins.
MATERIALS AND METHODS

Oligonucleotides
Unmodified oligonucleotides were prepared by standard phosphoramidite chemistry. All oligomers were purified by denaturing 20% polyacrylamide gel electrophoresis, eluted overnight from diced gel slices and desalted using C 18 reverse phase cartridges. Oligonucleotide concentrations were determined at *To whom correspondence should be addressed. Tel: +1 507 284 9041; Fax: +1 507 284 2053; Email: maher@mayo.edu 260 nm using appropriate nearest neighbor molar extinction coefficients (M -1 cm -1 ) as described (13) . Oligonucleotides containing methylphosphonate substitutions were synthesized and deprotected as described (14, 15) . In some cases oligonucleotides were characterized by electrospray ionization mass spectrometry (16) .
PCR design
The plasmid pDP-AP-1-21 (17) was used as a PCR template for construction of the left and right probe arms. PCR primers for amplification of the left arm were: 5′-GCG-CGA 2 GACT 2 CACGCGTAGA and 5′-CGCG 2 A 2 GAC 2 TCG-AT 2 C 2 ATG. Top strand PCR primers for amplification of the five right arms were: R-A, 5′-GA 2 GACATGCTCAT 2 CT-GCA 5 CG 3 C; R-B, 5′-GA 2 GACATGCTCATC 2 TCTGCA 5 CG 3 C; R-C, 5′-GA 2 GACATGCTCG 2 ATC 2 TCTGCA 5 CG 3 C; R-D, 5′-GA 2 GACATGCTC 2 G 3 ATC 2 TCTGCA 5 CG 3 C; R-E, 5′-GA 2 AC-ATGCTC 2 GCG 3 ATC 2 TCTGCA 5 CG 3 C. The bottom strand primer for all right arms was 5′-GCGCGA 2 GAC 2 T-G 2 ATATCT 3 A 3 C. PCR of the left arm was performed using Taq DNA polymerase for five cycles of 94°C for 1 min, 27°C for 1 min and 72°C for 1 min, followed by 20 cycles of 94°C for 1 min, 49°C for 1 min and 72°C for 1 min. PCR of the right arms was performed for five cycles of 94°C for 1 min, 39°C for 1 min and 72°C for 1 min, followed by 20 cycles of 94°C for 1 min, 53°C for 1 min and 72°C for 1 min. PCR products were purified by electrophoresis through 2% agarose gels, followed by elution using Freeze n' Squeeze columns (Bio-Rad) as directed by the manufacturer.
Cloning of PCR products
Purified PCR products were ligated into the pGem-T vector (Promega). Putative clones were screened by digestion with either PvuII or SpeI and sequenced with the primer 5′-TA 2 TACGACTCACTATAG 3 . Each plasmid was digested with BbsI to release the desired left and right arms. PCR products were purified by electrophoresis through 2% agarose gels, followed by elution using Freeze n' Squeeze columns. The components were resuspended at a concentration of ∼10 nM.
Design of duplex inserts
Oligonucleotides (36 nt) were purified by electrophoresis through 10% acrylamide gels containing 7.5 M urea. Oligonucleotides were end-labeled with [γ-32 P]ATP and T4 polynucleotide kinase, annealed to the appropriate complementary strand and resuspended at a concentration of ∼10 nM.
Trimolecular ligations
Equimolar amounts (∼1 nM final concentration) of the left arm, right arm and duplex inserts were ligated at room temperature for 2 h, using 400 U T4 DNA ligase (New England Biolabs) in a 10 µl reaction. Ligations were terminated by the addition of EDTA to a final concentration of 50 mM.
Confirmation of ligation product trimolecularity
To confirm that ligation products were trimolecular, a subset of the ligation products were resolved on 5% preparative native polyacrylamide (1:29 bis-acrylamide:acrylamide) gels in 0.5× TBE buffer, at 10 V cm -1 at 22°C. After elution from the gel, purified ligation products were cloned into the pGem-T Easy vector (Promega) via installation of 3′-adenosine overhangs by incubation with Taq DNA polymerase (Gibco) and dATP.
Quantitative analyses of phasing probe mobilities
Ligation products (∼240 bp) were resolved on 8% native polyacrylamide (1:29 bis-acrylamide:acrylamide) gels in 0.5× TBE buffer, at 10 V cm -1 at 22°C for 5 h. Mobilities of trimolecular products were measured (mm) and normalized to the average mobility of each group of five ligation products sharing the same duplex insert, but containing the five different right arms, according to:
where µ rel is the relative mobility, µ is the mobility of each ligation product and µ avg is the average mobility of a group of probes sharing the same duplex insert. The value of µ rel was plotted against the spacing (in bp) between the double-stranded region of the duplex insert and the center of the 5′ A 5 tract in R-A to R-E and then fitted to the phasing function:
where A PH is the amplitude of the phasing function, S is the normalized spacer length, S T is the trans spacer length and P PH is the phasing period (set at 10.5 bp per turn) (18) . The value of A PH estimated from curve fitting is related to the magnitude of curvature in the synthetic insert. The value of S T estimated from curve fitting allows evaluation of the direction of curvature relative to the phased A 5 tract array intrinsic to the right arm.
Protein-mediated DNA bending assays
Charge variants of the DNA-binding domain of recombinant yeast GCN4 were expressed and purified to near homogeneity over Ni-NTA agarose columns (P.R.Hardwidge and L.J.Maher, unpublished results). Following trimolecular ligations (see above) the reaction was supplemented with 20 ng/µl poly(dI·dC) and sufficient peptide (∼50 nM) to bind ∼50% of the probe. Reactions were incubated for an additional 30 min at room temperature. DNA-protein complexes were resolved and quantitated as described above. Figure 1 illustrates the design of our semi-synthetic phasing assay. We designed ∼260 bp linear DNA probes composed of three components. (i) The ∼100 bp left arm is prepared as a linear DNA duplex PCR product (Fig. 1, L) . Type IIS restriction endonuclease digestion of the PCR product creates a 5′-CGAT overhang on the bottom strand that can be utilized in ligations. This invariant left arm is prepared in bulk for use in all probes in this system. (ii) The ∼120 bp right arm is prepared as a series of five different PCR products, each containing a region of constant curvature (phased A 5 tracts) separated by a variable spacer from the left end of the arm (Fig. 1 , R-A to R-E). Type IIS restriction endonuclease digestion of each PCR product creates a 5′-GCTC overhang that can be utilized in ligations. This 5′ overhang is designed not to anneal to the 3′ overhang of the left arm. (iii) Between these two PCR-generated probe arms is ligated the synthetic DNA duplex to be studied ( Fig. 1,  I ). This duplex may contain chemical modifications and can be sufficiently long to accommodate additional intrinsically curved sequences and protein binding sites. L and R-A to R-E were generated by PCR from plasmid pDP-AP-1-21 (17) . PCR products containing appropriately placed internal BbsI sites were cloned into a pGem-T vector and the indicated left (L) and right arms (R-A to R-E) were released via BbsI digestion. BbsI is a type IIS restriction enzyme. This family of enzymes recognizes a specific DNA sequence, but makes staggered cuts at fixed distances from the recognition site. This property was advantageous in our design because it allowed the construction of molecular termini that were not self-complementary and that would anneal only to the appropriate end of the synthetic duplex insert. Synthetic duplex DNA inserts could thus be engineered to promote trimolecular ligations without competition from any self-dimerization reactions. Sequences were chosen so that the ligation products would be ∼260 bp in length. We chose this design based on previous studies favoring phasing probes with long flanking sequences and loci of curvature separated by short spacers (19) .
RESULTS AND DISCUSSION
Experimental design
This trimolecular ligation scheme creates a series of five different probes. The length of DNA between the left terminus and the phased A 5 tracts (providing ∼54°of intrinsic curvature) in R-A to R-E differs for each insert (Fig. 1) . As a result, there are five distinct helical phasings between elements in the synthetic insert (I) and the phased A 5 tracts in R-A to R-E. This design allows quantitative analysis of the shape of the DNA in the synthetic insert.
After establishing optimal ligation conditions, we confirmed the trimolecularity of ligation products. Synthetic duplex insert 1 ( Fig. 2) was ligated between L and each of the five right arms R-A to R-E. The resulting ligation products were purified and subsequently modified by installation of 3′-adenosine overhangs by incubation with Taq DNA polymerase (Gibco) and dATP.
These molecules were then cloned into the pGem-T Easy vector (Promega). Sequencing of the clones confirmed the trimolecular nature of the original ligation products (data not shown). Electrophoretic phasing analyses were employed to measure changes in mobility due to ligation of the synthetic inserts between L and each of the five right arms R-A to R-E. As the helical phasing between the two elements (reference A 5 tracts in R-A to R-E versus test A 5 tracts in the synthetic insert) changes, electrophoretic mobility is altered. When curvature loci are aligned in cis gel mobility is minimized. The extent to which gel mobility is reduced in each probe is interpreted as a measure of the magnitude and direction of DNA curvature contributed by the DNA duplex insert.
Representative data from calibration of the phasing assay with inserts containing differing numbers of phased A 5 tracts are shown in Figure 3 . Duplex inserts 1, 4, 7 and 8 ( Fig. 2) were ligated between L and each of the five right arms R-A to R-E and electrophoresed through an 8% native polyacrylamide gel as described in Materials and Methods (Fig. 3A) . Electrophoresis of products containing insert 1 (Fig. 3A, lanes 1-5) result in subtle mobility differences, suggesting little DNA curvature in duplex insert 1.
A different phasing profile is seen for duplex insert 4 (Fig. 3A, lanes 6-10) . The mobilities of these products displayed an obvious dependence on the position of the A 5 tract in relation to the A 5 tracts of R-A to R-E. Mobility retardation is maximal for products containing R-B (Fig. 3A,  lane 7) , indicating that the loci of curvature are most nearly in phase. Mobility retardation is minimized in R-D and R-E (Fig. 3A, lanes 9 and 10) , where the loci of curvature are out of phase.
Electrophoresis of products derived from duplex insert 7 (Fig. 3A, lanes 11-15) and duplex insert 8 (Fig. 3A, lanes 16-20) display greater phase-dependent mobilities. As the number of A 5 tracts in the synthetic duplex insert is increased, mobility anomalies are enhanced, as expected. As with insert 4, the most retarded product was R-B and the least retarded products were R-D and R-E.
The gel mobility of each probe was analyzed as described previously (18) . Relative mobility, µ rel (equation 1), was plotted against the spacing (in bp) between the double-stranded region of the duplex insert and the center of the 5′ A 5 tract in each of the five right arms R-A to R-E. The results are depicted in Figure 3B . Using techniques derived by Kerppola and co-workers (18), the relative differences in probe mobilities were transformed (equation 2) into estimates of DNA curvature magnitudes (Fig. 4) . Analysis of the electrophoretic mobilities of probes containing duplex inserts 1, 4, 7 and 8 reveals a linear relationship between the measured phasing amplitude and the predicted degree of DNA curvature over this range:
where A PH is the amplitude of the phasing function and C P is the predicted curvature (deflection of the helix axis in degrees) of the DNA duplex insert. In addition to calibrating the relationship between measured phasing amplitude and A 5 tract curvature, we also investigated the effect of changing the distance between A 5 tracts in the DNA duplex inserts and the reference A 5 tracts in each of the five right arms R-A to R-E on the measured gel mobility anomalies. We measured the resultant phasing amplitudes following ligation of duplex inserts containing a single A 5 tract distal (2), medial (3) or proximal (4) with respect to the reference A 5 tracts in each of the five right arms R-A to R-E (Fig. 2) .
The results of this analysis are also shown in Figure 4 . The measured phasing amplitudes confirmed our expectations: the phasing amplitude was greatest for insert 4, where the A 5 tract We repeated these studies with duplex inserts that contained two phased A 5 tracts located either distal and centered (5), distal and proximal (6) or centered and proximal (7) with respect to the reference A 5 tracts in each of the five right arms R-A to R-E (Fig. 2) . The measured phasing amplitudes confirmed our expectations: amplitudes were greatest for insert 7, where the A 5 tracts in the insert are closest to the reference A 5 tracts. Insert 6 was intermediate in character and insert 5, containing the most distant A 5 tracts, produced the smallest gel mobility anomaly upon electrophoresis (Fig. 4) .
Our results agree well with those obtained by Kerppola in a thorough study of the phase-dependent mobility variation of DNA fragments containing two intrinsic bends (19) . This study demonstrated that when the separation between two bends was increased, the phase-dependent mobility anomaly of the fragments decreased. Kerppola also showed that for DNA fragments with long flanking sequences, two closely spaced loci of curvature that are in phase caused a mobility anomaly similar to that due to a single locus of curvature representing the sum of the two curvatures (19) . However, when the separation between the loci of curvature was increased, their effect on electrophoretic mobility decreased. Thus, two loci of curvature that are in phase but separated by a long DNA spacer do not interact in electrophoretic phasing assays to the same extent as two closely juxtaposed bends (19) .
Quantitatively, our analysis yields similar results. The sum of phasing amplitudes computed from pairs of duplex inserts 2 + 7, 3 + 6 and 4 + 5 are very similar (0.244, 0.228 and 0.257, respectively). This result indicates the additivity of two closely spaced loci of curvature in our system. The summed phasing amplitudes are slightly less than that determined for insert 8 (0.286), which contains three phased A 5 tracts. This small difference may be attributed to the distance between the A 5 tracts in the duplex insert and the reference A 5 tracts.
We conclude that calibration of differential electrophoretic anomalies to predicted DNA curvatures allows the potential quantitative application of this semi-synthetic phasing assay to a wide variety of other studies. We present two examples below.
DNA bending by phosphate neutralization
A key advantage of the proposed semi-synthetic phasing approach is the ability to study the shape of a single synthetic DNA duplex containing chemical modifications. Because the phasing assay is constructed by ligating different sets of prefabricated, variable DNA arms to a single synthetic DNA duplex, the expense and effort associated with synthesis, purification and assembly of multiple modified duplexes is avoided. Our previous experiments (11, 14, (20) (21) (22) each typically required synthesis of 16-20 oligonucleotides to allow curvature estimates based on three helical phasings of a test sequence relative to a standard locus of curvature. We sought to determine if a single synthetic duplex could provide information based on five phasings using the semi-synthetic phasing strategy.
We therefore considered changes in DNA shape imparted by asymmetrical neutralization of the phosphate backbone due to partial methylphosphonate substitution. Methylphosphonate substitution has been shown to induce DNA curvature (11) . We wanted to determine if these effects would be reflected in changes in ligation product mobility in our phasing assay.
We designed DNA duplex inserts 9 and 10 ( Fig. 2) to correspond to previously characterized DNA duplexes containing neutral methylphosphonate substitutions positioned across one minor groove (insert 10), separated by 9.5 bp from the center of the A 6 tract curvature (0.5 bp 3′ of the center of the A 6 tract) or its unmodified control sequence (insert 9, Fig. 2; 11 ). Insert 7 served as a reference and contained two phased A 5 tracts (Fig. 2) . Inserts 7, 9 and 10 were ligated between L and each of the five right arms R-A to R-E and products were electrophoresed through a native polyacrylamide gel. Figure 5A displays a representative profile of ligation products obtained and their corresponding mobilities. Electrophoresis of probes containing duplex insert 7 (Fig. 5A, lanes 1-5) results in the expected phase-dependent mobility differences due to the position of the A 5 tracts, relative to the A 5 tracts in R-A to R-E.
A different phasing profile is seen for duplex insert 9 (Fig. 5A, lanes 6-10) . These products display reduced mobility anomalies. This suggests that the unmodified sequence contains little intrinsic curvature relative to that possessed by the A 5 tract in insert 7. Mobility retardation is maximal for probes containing R-B (Fig. 5A, lane 7) and is minimized in R-D and R-E (Fig. 5A, lanes 9 and 10) , as observed for insert 7.
Electrophoresis of products derived from neutralized duplex insert 10 (Fig. 5A, lanes 11-15 ) demonstrated pronounced differences among mobilities of the probes containing unmodified insert 9 (Fig. 5A, lanes 6-10) . Mobility differences approach those observed for insert 7, confirming that methylphosphonate substitution at the indicated positions of insert 10 ( Fig. 2) induces substantial DNA curvature.
Transformation of methylphosphonate phasing data (see for example Fig . 5B) for inserts 9 and 10 and fitting to equation 3 yields a curvature estimate of 12.9 ± 1.7°as a result of methylphosphonate substitution. This value agrees fairly well with our previous estimate of 17.8° (10, 11) . The semi-synthetic phasing assay also detects the direction of the bend resulting from methylphosphonate substitution. This information is revealed by the spacing at which the fitted cosine function is at a minimum (Fig. 5B) . We deduced from insert 9 the base pair spacing that defines the cis orientation between the center of the A 6 tract in 9 and the center of the 5′ A 5 tract in the array of the five right arms R-A to R-E. This distance is calculated as a sum. First, we note the base pair spacing between the 3′-terminus of the double-stranded region of duplex insert 9 and the center of the 5′ A 5 tract in R-A to R-E at which the cosine function is at a minimum (Fig. 5B) . Second, we count base pairs in a 5′ direction to the center of curvature of the A 6 tract in 9. This total spacing was found to be ∼32.8 bp. Because 32.8 bp must therefore represent an integral number of DNA helical turns, the average DNA helical repeat over this region is estimated at ∼10.9 bp per turn. If one then examines insert 10, two turns of the helix from the center of curvature of the A 5 tract (0.5 bp 3′ of the center of the A 5 tract) in the array of the five right arms R-A to R-E yields a spacing of 21.8 bp. From Figure 5B the optimal cis spacing between the methylphosphonate patch and the A 5 tract is observed to be 22.4 bp. This defines the true bend position as an additional ∼0.6 bp 5′ from the assigned center of the neutralized face. This value agrees well with our previous estimate of bending toward the minor groove in a reference frame 0.8 bp shifted 5′ from the center of the neutralized face (10) . We therefore conclude that the semi-synthetic phasing assay yields a reasonably accurate measure of both the magnitude and direction of curvature induced by methylphosphonate substitution.
DNA bending by GCN4 charge variants
Traditional phasing assays of DNA bending by proteins require the cloning of protein binding sites into a series of phasing vectors, followed by sequencing, plasmid preparation, restriction digests, radiolabeling, probe purification, protein binding and electrophoresis. We considered the possibility that a simple set of prefabricated left and right DNA phasing arms would facilitate assembly of phasing probes. Thus, a single radiolabeled synthetic DNA duplex bearing the protein binding site of interest is prepared and ligated between the proper combinations of arms. The resulting probes are incubated with protein and studied by gel mobility shift assays. In the present study we have assayed protein binding without further probe purification.
Apparent DNA bending by variants of the DNA-binding domain of recombinant GCN4, a basic leucine zipper transcription factor, has been studied previously by our laboratory (23; P.R.Hardwidge and L.J.Maher, unpublished results). We previously hypothesized that if interphosphate repulsions are important in determining DNA shape, substitution of three cationic lysine residues (KKK) or three anionic glutamate residues (EEE) for the three neutral amino acids (PAA) of GCN4 might result in bending of the DNA to which GCN4 binds. Amino acid substitutions were made at positions -26 to -24 of a peptide (71 amino acids) representing the DNA-binding domain of GCN4, where the first leucine of the zipper heptad repeat is defined as residue +1 (24) . Electrophoretic phasing experiments supported this hypothesis: cationic amino acid substitutions resulted in an apparent DNA bend toward the protein-bound face, while anionic amino acid substitutions caused apparent DNA bending away from the protein-bound face (23; P.R.Hardwidge and L.J.Maher, unpublished results).
We therefore explored DNA bending induced by GCN4 peptide charge variants (23, 25 ; P.R.Hardwidge and L.J.Maher, unpublished results). Insert 11 (Fig. 2) , containing the GCN4 binding site (AP-1), was ligated between L and each of the five right arms R-A to R-E and the resulting products were resolved through a native polyacrylamide gel. Representative phasing data are presented in Figure 6A . The faster migrating species in Figure 6A are due to protein binding to partial ligation products. Lanes 1-5 reveal the mobilities of probes containing the AP-1 duplex (insert 11) in the absence of protein. Lanes 6-10 display the mobilities of complexes involving the binding of PAA to the phasing probes. Subtle mobility differences are observed among complexes. In complexes containing EEE (Fig. 6A, lanes 11-15) mobility differences among probes are greater than with PAA. Probes containing R-A and R-B migrated significantly faster when complexed with EEE than with PAA. A very different profile of probe mobilities was seen in complexes with KKK (Fig.  6A, lanes 16-20) . In these complexes the general profile of mobility differences was shifted by one half helical turn of DNA, consistent with DNA bending by KKK in a direction opposite to that induced by EEE.
Electrophoretic mobilities were normalized as described above and plotted against the distance in base pairs between the center of the AP-1 site and the center of curvature in the phased A 5 tracts in R-A to R-E. The results are depicted in Figure 6B . Transformation of GCN4 phasing data into bending estimates as described above (using equation 3) yields values of 2.5 ± 1.8°(PAA), 12.6 ± 2.2°(EEE) and 13.7 ± 1.0°(KKK). The intrinsic curvature of insert 11 was estimated to be 10.1 ± 0.7°. Previous estimates of bend angles induced by peptide binding in an independent electrophoretic phasing assay were 2°( PAA), 10°(EEE) and 23°(KKK) (P.R.Hardwidge and L.J.Maher, unpublished results). The intrinsic curvature of the AP-1 site in insert 11 was previously estimated to be 4-6°(12; P.R.Hardwidge and L.J.Maher, unpublished results). Figure 6B also allows analysis of the direction of DNA bending induced upon GCN4 binding. The minima of the fitted cosine functions for unbound probe 11 and for 11 when bound by PAA and EEE are all comparable. This suggests that bending by PAA and EEE is in the same direction as in the free AP-1 site, as has been proposed previously (23) . A minimum shifted by ∼5 bp was observed in complexes with KKK, suggesting bending of the DNA in a nearly opposite direction. Thus, our estimates of GCN4 charge variant-induced DNA bending determined in the semi-synthetic phasing assay correspond reasonably well to those obtained in an independent electrophoretic assay.
Summary
Five aspects of our semi-synthetic phasing probe design deserve particular emphasis. (i) Probe construction requires only one synthetic duplex and six PCRs with subsequent restriction endonuclease digestions, whereas the ligation ladder method requires the design of ∼20 new oligonucleotides for each experiment. (ii) Five phasings are studied, compared to three in the conventional system. (iii) Phasing profiles can be calibrated to extract bend angles through the ligation of duplexes containing standards of intrinsic curvature. (iv) It is critical in conventional ligation ladder assays of DNA curvature that the exact helical repeat of the test sequence is established since proper phasing of test sequences must be maintained throughout the polymers. In contrast, the precise helical repeat of the synthetic duplex insert is of less consequence in the semi-synthetic probe design, as the sequence occurs only once. It is the helical repeat of the unmodified spacer DNA that is of great importance, and this parameter is invariant and can be established in advance. (v) Synthetic inserts can be relatively large.
In practice, the need for subcloning a protein binding site prior to new phasing studies is eliminated in our system. One needs only to synthesize an appropriate DNA duplex of interest and ligate the duplex between the left arm L and each of the five right arms R-A to R-E. These DNA arms are easily generated by BbsI digestion of the six parent plasmids. One might also construct the three DNA duplexes 4, 7 and 8 for calibration of equation 3 for each new electrophoretic system.
A number of limitations are also inherent in the design of our semi-synthetic phasing assay. The resultant phasing amplitudes are to some extent dependent on the position of a locus of curvature in the probes, relative to the position of the reference A 5 tracts in the five right arms R-A to R-E. This effect is shown in Figure 4 and has been discussed previously (19) . The reduction in phasing amplitude as the distance between loci of curvature is increased has important implications in the design and analysis of our system. One must decide the position within a synthetic DNA duplex at which to place the locus of curvature to be studied. For a given phasing amplitude, placement of the locus nearest to the reference A 5 tracts establishes an upper bound and placement far from the reference A 5 tracts establishes a lower bound for predicted curvature in degrees. Therefore, for maximum sensitivity one must position the sequence to be studied near to the right arm. This also complicates the study of longer sequences. For a sequence of interest greater in length than a helical turn of DNA a diminished phasing amplitude is contributed by elements of curvature in the distal portion of the studied sequence. Thus, for a very long DNA duplex insert it may be possible to evaluate only the total intrinsic curvature present in the insert; resolution of large curvatures to individual base pairs may not be possible. However, the construction of several variants of a given DNA duplex insert might eliminate this problem.
As in ligation ladder assays (reviewed in 9), the presence of nicks in ligation products may alter gel mobilities in an unpredictable manner. The influence of nicks on gel mobility should be reduced in the semi-synthetic phasing assay, relative to the ligation ladder assay, because the semi-synthetic assay involves only two ligation steps, whereas ligation ladder products of interest typically involve ligation of six to nine DNA duplexes.
We note that despite its efficiency and convenience, the calibration of phasing amplitudes to DNA curvature may be less accurate than calibrations in the ligation ladder assay, primarily due to the effect of distance on phasing amplitude as shown in Figure 4 . This issue remains to be explored fully.
CONCLUSION
We have developed a semi-synthetic phasing assay that offers several advantages relative to established comparative electrophoretic methods. This assay requires a reduced number of synthetic oligonucleotides, involves no cloning manipulations, is economical and can be applied to a wide variety of DNA curvature studies. Gel mobility retardation of phasing probes is empirically correlated with the predicted DNA curvature provided by A 5 tracts. We also apply this system to previously studied examples of DNA curvature induced by DNA methylphosphonate substitution and apparent DNA bending induced by GCN4 charge variants. We propose this method as a versatile and rapid means of studying DNA curvature in other systems.
